Abstract-We consider the use of multiple antennas at the transmitter in a multiuser data network under correlated fading channels. Previous work shows that correlated fading reduces the link performance of multiple antenna systems. But how correlated fading affects the throughput of multiuser data networks is still unknown, since the throughput depends on not only the link performance but also the multiuser diversity. In this paper, we study the impact of correlated fading on the array gain and diversity gain of multiple antenna systems achieved by different transmit diversity schemes to examine the network throughput under correlated fading channels. Analysis and simulation results show that, although correlated fading is harmful for link performance, it increases the throughput of the multiuser data network when an efficient transmit scheme is used.
I. INTRODUCTION
Growing demand for wireless multimedia services is driving the demand for enhanced system capacity. Transmit diversity is one of the key technologies to cope with channel fading and increase the system capacity when multiple antennas are available at the transmitter [1] . Some current, and most future, Base Stations (BS) are expected to be equipped with at least two antennas for downlink transmit diversity, which has already been incorporated in 3GPP standard [2] . Recent results [3] [4] point out another form of diversity, named multiuser diversity, in a wireless data network with multiple users. The diversity gain is from the fact that, different users in the system usually have vastly different channel states. Overall system throughput is maximized by allocating the whole channel resource to the user with the best channel at any one time. A practical channel-aware scheduling algorithm, proportional fair scheduling, which exploits multiuser diversity and maintains fairness across users, has been used in the downlink of cellular packet data system IS-856 [6] , also known as high data rate (HDR) system.
The combined use of multiuser diversity and transmit diversity has attracted significant interests [7] - [11] recently. In the system with slow fading, Opportunistic Beamforming [7] is desirable since it converts a static channel to a time-variant one. But for fast fading Rayleigh channels, the opportunistic beamforming does not provide any performance gain. In [8] , the This paper has been partially supported by NSFC Project (60272021).
impact of Space-Time Block Coding (STBC) on multiuser diversity with "greedy" scheduler is discussed. They conclude that, since the STBC eliminates the probability of the peaks as well as the deep fades of the fading channel, the multiuser system with single antenna outperforms the system with STBC. Similar results are also given by [9] and [10] . However, [11] illuminates that transmit diversity does not reduce the system throughput when the spatial diversity is exploited in an efficient manner, which requires at least partial channel state information (CSI) at the transmitter.
Most previous work assumes independent fading between the transmit antennas, but antenna correlation is inevitable in practical systems. For instance, in cellular systems, BS antennas are placed high above the ground and close to each other. Therefore, the BS antennas are unobstructed and see no local scatterers, resulting in high correlation between the BS antennas [12] . It is well known that, the fading correlation reduces the link performance of multiple antenna systems [13] . But for multiuser data networks, how correlated fading affects the throughput is still unknown, since the throughput depends on not only the link performance but also the multiuser diversity. Furthermore, it is also important to discuss how to combine the transmit diversity and multiuser diversity to maximize the system throughput under correlated fading channels.
It is well known that multiple antenna systems provide array gain which increases the average receive Signal-to-Noise Ratio (SNR), and diversity gain which reduces the fluctuation of fading channels [14] . Previous work has already shown that the larger fluctuation of the channels, the more multiuser diversity gain can be achieved. Thus the diversity gain of the multiple antenna system leads to the reduction of the throughput of the multiuser data network. But the array gain does not conflict with the multiuser diversity, since increasing the average SNR of each user also means increasing the average SNR of the multiuser data network. Therefore, when a transmit diversity scheme achieves the array gain and only reduces the diversity gain under correlated fading channels, the system throughput may benefit from the correlated fading. However, whether this situation happens depends on the specific transmit diversity scheme. In order to examine the impact of correlated fading on the throughput of the multiuser data network, we study the array gain and diversity gain of different transmit schemes under correlated fading.
In Section II the system model is set up, and in Section III 173 the performance of different transmit diversity schemes in multiuser data networks are are analyzed under correlated fading channels. Then numerical examples are given in Section IV, while Section V contains our conclusions.
II. SYSTEM MODEL Consider a downlink model of a cellular data network, where the BS equipped with M t antennas sends packets to K mobile users equipped with single antenna. The channels are assumed to be quasi-static 1 flat fading and denoted by H k (t) = (h 1,k (t), · · · , h M t ,k (t)), where h i,k (t) represents the channel gain from the ith transmit antenna to the kth user at time t. Denoting the signal transmitted from the ith transmit antenna to the kth user at time t by s i,k (t), the transmit signal vector
0 . We use (·) 0 and (·) † to denote the transpose and conjugate transpose operation respectively, and (·)
* to denote the conjugate of a number. The total transmit power is denoted by ρ 0 and E(s k (t) * s k (t)) = ρ 0 , where E(·) represents expectation operator. Thus the received signal of the kth user at time t is
where n(t) denotes the AWGN term which are modelled as i.i.d. zero mean complex Gaussian random variables with unitary variance. Denoting the covariance between h i,k (t) and h j,k (t) by r k (i, j), the transmit correlation matrix of the kth user, R k , is equal to (r k (i, j)) Mt×Mt and assumed to be time-invariant, since it varies much slower than the fast fading. The channel model of kth user at time t is [13] 
where the vector H w,k (t), contains i.i.d. complex Gaussian entries with zero mean and unitary variance, and the
III. PERFORMANCE ANALYSIS This section evaluates the performance of five transmit diversity schemes. Representing the SNR of the selected user at time t by ρ l (t), the throughput of the multiuser network is
By using the greedy scheduling algorithm, which selects the user with the highest SNR and achieves maximal throughput, ρ l (t) is given by
where ρ k (t) is the SNR of the kth user at time t. The expression of ρ l (t) under a fair-access scheduler is discussed in [15] , which is beyond the scope of this paper. We focus on the impact of fading correlation on the system throughput with different transmit schemes and evaluate the array gain and diversity gain of the transmit schemes. The average and the variance of the SNR of the users are considered as the measure of the array gain and the diversity gain respectively.
A. One antenna scheme
The baseline case is the SISO case, in which the BS has single antenna. The SNR of the kth user at time t is
The average of ρ SISO,k (t) over time is
and the variance is
B. STBC scheme The Space-Time Block Coding (STBC) is proposed in [16] to exploit full diversity gain without CSI at the transmitter. The SNR of the kth user in the STBC scheme is
Since
where U k is a unitary matrix and D k is a diagonal matrix with the diagonal elements,
Gaussian entries with zero mean and unitary variance (Lemma 5, [17] ). Representing H w,k (t)U k by e H w,k (t), the ρ STBC,k is given by
where e h
which is equal to the average of ρ SISO,k (t) since the STBC scheme achieves no array gain. The variance of ρ STBC,k (t) over time is
When R k is an identity matrix, i.e., transmit antennas fade independently, Var(ρ STBC,k (t)) is
Mt , which is one M t th of Var(ρ SISO,k (t)). That is to say, the fluctuation of the ρ STBC,k (t) reduces greatly in comparison to that of ρ SISO,k (t). Therefore the diversity gain is achieved and the link performance is improved. But the multiuser diversity gain and the whole system throughput reduces, as mentioned in [8] .
In the correlated fading case, R k is not an identity matrix. As a result, d i,k , (1 ≤ i ≤ M t ) are not all equal to 1, which make Var(ρ STBC,k (t)) satisfy
Hence, the fluctuation of ρ STBC,k (t) increases in the correlated fading case. That is to say, the system throughput is enhanced by the fading correlation. In the highly correlated fading case, the amplitude of all the elements of R k tend to be 1, which re-
, which is the same as Var(ρ SISO,k (t)). In this case, the STBC obtains no diversity gain and the fluctuation of ρ STBC,k (t) is the same as that of ρ SISO,k (t). Consequently, the system throughput of the STBC scheme increases as the fading correlation increases and tends to the throughput of the SISO scheme in highly correlated fading cases.
C. Optimal Transmit Beamforming with Perfect CSI Feedback
This scheme assumes that the BS has perfect knowledge of the CSI for all the users. Given perfect CSI at the transmitter, it is well known that the SNR of the kth user is maximized by optimal Transmit Beamforming (TB), in which the transmit signal is transmitted via all the antennas and weighted by h i,k (t) * /kH k (t)k F for the ith antenna. The SNR of the kth user at time t is
which is written by
with similar notations for the STBC scheme. Therefore, the average of ρ TB,k (t) over time is
which is M t -fold of the average of ρ STBC,k (t) and ρ SISO,k (t), because the array gain of multiple antenna systems is obtained by TB. It is obvious that ρ TB,k ≥ ρ SISO,k for any k. Thus the throughput of the mulituser network with optimal TB is higher. The variance of ρ TB,k (t) over time is
In comparison to a SISO case, in which the average SNR is M t ρ 0 , Var(ρ BF,k (t)) is one M t th of the variance of the SISO case. That is to say, TB scheme also achieves the same diversity gain as the STBC scheme and reduces the multiuser diversity gain.
In the correlated fading case, the analysis of the optimal TB scheme is similar to the STBC scheme. The system throughput of the TB scheme increases as the fading correlation increases and tends to the throughput of the SISO scheme with M t ρ 0 average SNR in highly correlated fading cases.
D. Switch Transmit Diversity with Partial CSI Feedback
The optimal TB scheme requires perfect CSI feedback, which is infeasible in practical systems due to large feedback bandwidth requirement 2 . Switch Transmit Diversity (STD) scheme [1] lets each user inform the BS about which antenna that has the largest gain for each frame. Then the BS transmits signal only via the antenna with the largest gain. The SNR of the kth user at time t is given by
For the independent fading case, the average and variance of ρ STD,k are respectively given by [18] 
and
The STD scheme achieves both array gain and diversity gain. However, these gains reduce as the fading correlation increases. In the highly correlated fading case, the gains of different antennas tend to be the same. Therefore, switching antennas does not obtain performance enhancement.
E. Eignenbeamforming with Long-term CSI feedback
The other transmit diversity scheme with partial CSI feedback is Eigenbeamforming (EBF) scheme [19] , which requires slow-varying transmit antenna covariance matrix of each user at the transmitter. The signal for the kth user is transmitted via all the transmit antennas and weighted by the dominant eigenvector corresponding to the largest eigenvalue of R k . The EBF scheme maximizes the average SNR at the receiver. Denoting the dominant eigenvector by W k , the SNR of the kth user at time t is
k is hermitian, it can be decomposed as
where V k is a unitary matrix and Λ k is a diagonal matrix. Moreover, the rank of
k is 1 and the only nonzero eigenvalue of it is d 1,k , which corresponds to eigenvector B k W k . Denoting H w,k (t)V k , which contains i.i.d. complex Gaussian entries with zero mean and unitary variance, by b H w,k (t), ρ EBF,k (t) is given by
where b h
w,k (t) represents the first element of b H w,k (t). The average and the variance of ρ EBF,k (t) over time are respectively given by
The EBF scheme achieves array gain but no diversity gain. In the highly correlated fading case, the array gain of the EBF scheme, d 1,k tends to be M t , which is the same as the array gain achieved by the optimal TB scheme. Hence, the system throughput of EBF scheme is close to that of the optimal TB scheme, though the EBF scheme only requires long-term CSI feedback. Furthermore, when
l´, the EBF scheme achieves more array gain and system throughput than the STD scheme. Moreover, since d 1,k satisfies
as the fading correlation increases, i.e. |r i,j | increases, d 1,k also increases and leads to higher throughput of the multiuser network.
IV. NUMERICAL EXAMPLES We use Monte Carlo simulations to examine the throughput of the multiuser network with the transmit diversity schemes analyzed in the last section. Assume the users are distributed uniformly around the BS, which is equipped with 2 antennas. The "one-ring" model [13] is used to model the situation that the BS is elevated and seldom obstructed. For simplicity, the distance between each user and the BS is assumed to be the same. Thus only the angle between the BS and the users varies, the path loss and angular spread are assumed to be equal among all the users. The transmit antenna correlation matrix is assumed to be constant over the simulation period and ρ 0 is assumed to be 0dB. In every slot, the users send back the receive SNR and some CSI, which is relative to the transmit schemes. The BS selects one of the user to send data in the next slot by proportional fair scheduling [6] . Assuming the supported data rate of the kth user at time t by C k (t), the BS selects the user e k with the largest
, where the average throughput of the kth user T k (t) is updated by The average throughput of the multiuser network under different cases is the average of 100000 samples. In Fig. 1 , the average throughput of SISO, STBC, and TB schemes with 4 wavelength space between the BS antennas are plotted. When the number of users is more than 2, the throughput of STBC scheme is less than that of the SISO scheme, although multiple antennas are exploited at the BS. As the angular spread varies from 60 o to 3 o , i.e. from low fading correlation to high fading correlation, the throughput of the STBC scheme increases and tends to the throughput of the SISO scheme. When there is only 1 user in the multiuser network, the system is equivalent to a point to point link. In this case, the performance of the system reduced as the correlation increases. The optimal TB scheme achieves the best performance in all the cases. The same impact of the correlated fading on the system throughput of the TB scheme as the STBC scheme is shown in the simulation results. Fig. 2 shows the average throughput of SISO, STD, and EBF with 4 wavelength space between BS antennas. The STD and EBF schemes exploit partial CSI at the transmitter and both improve the system throughput. But the impact of fading correlation has opposite impact on these two schemes. As the fading correlation increases, the throughput of the STD schemes reduces while the throughput of the EBF scheme is significantly improved. In the low correlated fading case, i.e. angular spread equaling 60 o , the STD scheme outperforms the EBF scheme when the number of users is no more than 10. But when the number of users is more than 10, the system throughput of the EBF scheme is better than that of the STD scheme. The reason is that the EBF obtains no diversity gain and leads to more fluctuation of the channel than the STD scheme. As a result, the EBF scheme achieves more multiuser diversity gain and higher system throughput when the number of users is large. Moreover, the gap between the two schemes is large when the BS antennas are highly correlated. Although in the case that the BS antennas are independent, the EBF achieves no gain than the SISO scheme, when there is moderate correlation of the BS antennas, which is usually true in practical cellular systems, the EBF scheme outperforms the STD schemes.
The comparison between the EBF and optimal TB schemes is given by Fig. 3 . The angular spread is fixed to 15 o . As the distance between BS antennas varies from 4 to 0.5 wavelength, the performance of EBF gets closer to the optimal TB scheme. When the space of BS antennas is no more than 1 wavelength, the EBF achieves near performance of the TB scheme, though only long-term CSI is exploited. Therefore, when EBF is used, using less antennas space can improve the system throughput, which is opposite to the case of point to point link.
V. CONCLUSION
We have evaluated the performance of different transmit diversity schemes under correlated fading in this paper. Although correlated fading is harmful for link performance, it increases the average throughput of the multiuser network with optimal TB, STBC and EBF schemes, which is validated by the analysis and simulation results. Moreover, the EBF scheme has been shown to be an efficient scheme to combine multiuser diversity and multiple antennas with only long-term CSI feedback, which reduces the bandwidth requirement of feedback channel. Therefore, in order to improve the throughput of the multiuser cellular network with multiple antenna, we can use the EBF transmit scheme and reduce the BS antennas space.
